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Edited by Christian GriesingerAbstract Several studies attribute the slower phases in protein
folding to prolyl isomerizations, and several others do not. A
correlation exists between the number of prolines in a protein
and the complexity of the mechanism with which it folds. In this
study, we have demonstrated a direct correlation between the
number of cis-prolyl bonds in a native protein and the complexity
with which it folds via slower phases by studying the folding
of three structurally homologous proteins of the ribonucle-
ase family, namely RNase A, onconase and angiogenin, which
diﬀer in the number and isomerization states of their proline res-
idues.
 2006 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Instead of sampling all possible conformations [1], protein
folding is thought to occur by an initial collapse, followed
by chain reorganization within the collapsed species. Atten-
tion has been focused on millisecond and microsecond folding
processes [2] and also on the seconds-to-minutes time-scale
which is thought to involve proline isomerization [3,4].
On the one hand, loss of a slow phase in folding either by
addition of peptidyl-prolyl isomerase [5] or by mutation of a
proline [6] has led to the belief that slow phases result from
prolyl isomerizations. But, on the other hand, it has been
shown that the loss of a slow-folding phase by mutation of
a proline is not necessarily attributable to removal of proline
isomerization [7–10]. Non-prolyl cis-peptide bonds in un-
folded proteins have been shown to cause complex multi-
phasic folding kinetics [8]. In other studies, the slow-folding
phases appear despite mutating out the proline residues
[7,11,12]. Recently, proline isomerization has been implicated
in very early folding events, i.e., the isomerization state of
prolyl peptide bonds has a major impact on the structural
events during the very early stages of folding in ribonuclease
A (RNase A) [13].*Corresponding author. Fax: +1 607 254 4700.
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doi:10.1016/j.febslet.2006.08.024It is known that proteins containing trans-prolyl bonds in
their native state fold faster than those with cis-prolyl bonds
[14]. Native cis-prolyl bonds thus have the largest eﬀect on
folding kinetics. In the foregoing studies, folding kinetics of
two forms of the same proteins, one with and one without
the cis-prolyl bond, have been compared in order to under-
stand the impact of cis-prolyl bond on folding rates. Those
studies involved mutating the cis-Pro to Ala. In the present
study, we have examined the inﬂuence of prolyl bonds on fold-
ing kinetics, without mutating any prolines, by using three
structurally homologous proteins of the ribonuclease family,
which diﬀer in the number and isomerization states of their
proline residues. We have examined the eﬀect of the number
and isomerization state of the proline residues on protein fold-
ing using bovine RNase A, frog onconase (ONC), and bovine
angiogenin (ANG) folding as models. Conformational folding
and unfolding of RNase A have been studied extensively, and
in an unfolding study it has been shown by ﬂuorescence that
the slow phases arise due to cis–trans isomerization of prolyl
bonds, with Tyr92 and Tyr115 reporting on cis–trans isomeri-
zation of Pro93 and Pro114, respectively [15]. The present
study also happens to be the ﬁrst report on the conformational
folding of ANG.2. Materials and methods
2.1. Bacterial strains, plasmids, and protein puriﬁcation
The Escherichia coli strain BL21 was used for the expression of
wt frog onconase. The expression plasmid for wt frog onconase
was pET11, and was provided by Boix et al. [16]. The cDNA was
cloned into pET22b(+) and puriﬁed as described in detail elsewhere
[17]. The E. coli strain Rosetta (DE3)pLysS was used for the expres-
sion of wt bovine angiogenin. The expression plasmid for wt bovine
angiogenin was pETbAng, derived from pET22b(+). The method used
to purify wt bovine angiogenin has been described in detail elsewhere
[18]. Wt bovine RNase A (Type 1-A) was obtained from Sigma and
puriﬁed by ion-exchange chromatography. The method used to purify
wt RNase A has been described earlier [19]. The purity and mass of all
the three proteins was checked by ESI mass spectroscopy.2.2. Buﬀers and solutions
The refolding buﬀer used for all the equilibrium and kinetic experi-
ments was 100 mM Tris–HCl (pH 8) (ultrapure, from Sigma), 1 mM
EDTA (ultrapure, from Fischer Scientiﬁc). The unfolding buﬀer was
refolding buﬀer containing 6 M GdmCl (ultrapure, from Mallinck-
rodt). The concentrations of stock solutions of GdmCl were deter-
mined by measuring the refractive index using a Bausch & Lomb
refractometer. All buﬀers and solutions were ﬁltered through
0.22 lm ﬁlters before use and were degassed prior to kinetic experi-
ments.blished by Elsevier B.V. All rights reserved.
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Protein stability at equilibrium was determined by GdmCl-induced
denaturation studies using ﬂuorescence as the probe. Prior to ﬂuores-
cence measurements, the samples were equilibrated for at least 4 h.
Absorbance at 280 nm was not used as a probe because onconase does
not show a sigmoidal transition, in agreement with an earlier report
[20]. However, the folded and unfolded states of onconase diﬀer in
their absorbance; this property was exploited to monitor refolding
kinetics by absorbance in this study.
2.4. Kinetic experiments
All three proteins were unfolded in unfolding buﬀer (6 M GdmCl,
100 mM Tris, 1 mM EDTA, pH 8) at room temperature for 4 h prior
to refolding. The unfolded proteins were diluted 11-fold in refolding
buﬀer (100 mM Tris, 1 mM EDTA, pH 8) at 15 C, on a stopped-ﬂow
mixing module from HI-TECH Scientiﬁc.Fig. 2. Representative normalized kinetic traces of the conformational
folding of RNase A (red), ANG (blue), and ONC (green) in 0.55 M
GdmCl, pH 8, 15 C. The absorbance data for RNase A and ANG are
ﬁtted to a four-exponential equation (not shown, implicit in Table 1),
whereas the absorbance data for ONC are ﬁtted to a two-exponential
equation (not shown, implicit in Table 1).3. Results and discussion
The positions and isomerization states of the proline resi-
dues in the crystal structures of the three proteins are shown
in Fig. 1. The NMR solution structures of RNase A [21,22],
ONC [23] and ANG [24] are very similar to their respective
crystal structures, the prolyl bonds being in the same isomeric
state in either structure. The three proteins bear only a 30%
sequence homology to each other despite their conserved
catalytic residues at homologous positions, three conserved
homologous disulﬁde bonds, and same overall three dimen-
sional fold [25]. RNase A and ONC contain four disulﬁde
bonds each, and ANG has three. They diﬀer in the number,
position and isomerization state of the proline residues that
they contain (Fig. 1). Due to a relatively low sequence identity,
it is expected that the three proteins may fold by diﬀerent
mechanisms since the diﬀerences in primary sequence are ex-
pected to drive events governing folding in diﬀerent ways to
yield native state interactions inherent to each protein. Using
four diﬀerent proline mutants of RNase A, it has been demon-
strated that each of the slower phases in folding arise from spe-
ciﬁc prolyl bond isomerization [26,27]. A comparison of the
slower folding phases of the three proteins would therefore
be a reﬂection of the isomerization of the prolyl bonds, the
complexity of which would depend on the number and iso-
meric form of the prolyl bonds in the native protein.
Folding kinetics of the three disulﬁde-intact proteins were
studied at pH 8 and 15 C. Earlier folding studies of RNase
A were carried out at pH 5. In this study, pH 5 could not beFig. 1. Positions and isomerization states of the proline residues (red) in the
isomerization states, respectively, in the native protein.used for comparative folding studies because ANG is unstable
at pH 5. Equilibrium unfolding transitions using guanidinium
chloride (GdmCl) as the denaturant at pH 8 and 15 C (mon-
itored by ﬂuorescence) were carried out for all three proteins.
The free energy of unfolding for RNase A, ONC and ANG
are 8.2 kcal mol1, 9.4 kcal mol1 and 5.7 kcal mol1,
respectively, at pH 8 and 15 C. The comparative folding
kinetics of the three proteins at pH 8 and 15 C, at a ﬁnal
GdmCl concentration of 0.55 M, using absorbance at 280 nm
as the probe, are shown in Fig. 2. The parameters obtained
from ﬁtting the folding kinetics of the three proteins are shown
in Table 1. It can be seen that, of the three proteins, ONC folds
the fastest without the slower folding phase. Both RNase A
and ANG fold with longer folding times, the life-time of the
slower phase being of the order of a few hundreds of seconds.
Both ONC and ANG show smaller changes in absorbance
upon refolding as compared to RNase A (Fig. 2). This may
be attributed to the diﬀerences between the environments,
numbers and positions of the aromatic reporters, in thethree homologous proteins. The preﬁxes T and C indicate trans and cis
Table 1
Parameters for the four-exponential conformational folding kinetics of RNase A and ANG, and the two-exponential folding kinetics of ONC, at pH
8, 15 C and 0.55 M GdmCl
Protein Time constant, s, for the observable phases (s) Relative amplitudes for the observable phases (%)
Fast Medium Slow Very slow Fast Medium Slow Very slow
RNase A 0.08 ± 0.03 1.6 ± 0.3 43 ± 5 186 ± 34 15 ± 7 14 ± 0.3 49 ± 9 22 ± 2
ONC – 2.6 ± 0.3 69 ± 17 – – 74 ± 8 26 ± 8 –
ANG 0.09 ± 0.02 1.5 ± 0.2 55 ± 3 334 ± 60 7 ± 3 17 ± 5 43 ± 5 33 ± 10
S.D.s were determined from three separate experiments, each of which is an average of at least eight kinetic runs.
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RNase A.
In unfolded proteins and peptides, the X-Pro peptide group
has trans and cis isomers of nearly equal energy [28] (Fig. 3).
However, at equilibrium, the trans isomer is favored over the
cis in a ratio of 75:25 [29]. Pro42 in RNase A and Pro19 in
ANG are both preceded by Lys, and do not undergo cis–trans
isomerization [30,31]. Therefore, for RNase A, the statistically
estimated population of the unfolded fast-folding species, Uvf,
with native-like prolines, in the equilibrium-unfolded species,
is 0.0469 as opposed to 0.316 for ONC. The higher the percent-
age of Uvf species in the unfolded ensemble of a protein, the
larger is the amplitude of the fast-folding species. In the disul-
ﬁde-intact conformational folding of ONC, the fast phase (Uvf
+ Uf) is absent, the major observable species in the unfolded
ensemble being Um (Table 1) (where Uvf, Uf and Um are the
very fast-, fast- and medium-folding unfolded species, respec-
tively), and the slowest folding phase is also absent. The fold-
ing of ONC is complete in 200 s (despite the absence of a fast
phase), as opposed to 1000 s for RNase A (Fig. 2, Table 1).
With an increase in the number of prolines in a protein, the
statistical occurrence of Uvf species is further decreased.
ANG has seven proline residues of which two are cis, the sta-
tistical probability of the Uvf species in the unfolded ensemble
of ANG being 0.0198 (as opposed to 0.0469 for RNase A). The
fast-folding component for ANG should be approximately
half that for RNase A. This is reﬂected in the amplitudes of
the fast phase in the folding of ANG and RNase A (Table
1). Also, ANG must fold slower than RNase A due to proline
isomerizations. ANG does fold much slower than RNase A,
reﬂected in the slow phases with greater time constants and
greater relative amplitudes (Fig. 2, Table 1).
The slower folding phases of RNase A have been character-
ized at pH 5 using four diﬀerent proline mutants [26,27]. The
slow-folding unfolded species of RNase A (Us) have refolding
time constants in the tens and hundreds of seconds time scales
[26,27]. The time constants for the slow phase(s) of ONC andFig. 3. Cis–trans proline isomerization. The rotation about the peptide
bond is indicated by black arrows. The green sphere is the side chain of
the residue preceding the proline residue.ANG do not change with GdmCl concentration and pH indi-
cating that these phases correspond to proline isomerization
(data not shown). The greater the number of Us species in
the unfolded ensemble of a protein, the more complex and
slower is the folding of that protein due to proline isomeriza-
tions. From the observations in this study, it therefore appears
that, for ONC, the Us ensemble shows only one slow transition
and that, for ANG, the Us ensemble exhibits two transitions
(Table 1). The species in these transitions themselves could
possibly arise by interconversions between ensembles of sev-
eral Us forms that may be silent to absorbance. Use of multiple
optical probes, interrupted mixing and double jump stopped-
ﬂow experiments would help in identifying how many slow-
folding unfolded species exist for ONC and ANG. The main
observation in this study, however, is the correlation between
complex slow-folding kinetics and the presence of cis prolyl
bonds in the native protein.
By employing three structurally-homologous members of a
family of proteins, we have been able to show that the folding
kinetics are aﬀected by an increase in the number of cis-prolyl
bonds in the native protein, translated into a decrease in the
amplitude of the fast-folding species and an increase in the
amplitude of the slow-folding species. This correlates very well
with the statistical probability of occurrence of the Uvf species
of each protein and, therefore, supports proline isomerization
as the source for the slower phases during folding, across mem-
bers of the ribonuclease family.
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